The mitochondrion is an organelle that has its own DNA (mtDNA). Mitochondria play essential roles in energy production and in various cellular processes such as metabolism and signal transduction. In most animals, including humans, although the sperm-derived paternal mitochondria enter the oocyte cytoplasm after fertilization, their mtDNA is never transmitted to the offspring. This pattern of mtDNA inheritance is well known as "maternal inheritance." However, how the paternal mitochondria and mtDNA are eliminated from the cytoplasm of gametes or zygotes remains an enigma. Recently, a variety of mechanisms, including specific nuclease-dependent systems, ubiquitin-proteasome system, and autophagy have been shown to degrade the paternal mtDNA or the paternal mitochondria themselves in order to prevent paternal mtDNA transmission. In this review, we will address the current state of knowledge of the molecular mechanisms underlying the elimination of paternal mtDNA or mitochondrial structures for ensuring the maternal transmission of mtDNA.
Introduction
Mitochondria are essential organelles that are responsible for ATP production by oxidative phosphorylation. In addition, they are involved in lipid and amino acid metabolism and play important roles in various cellular processes such as cell proliferation, apoptosis, and cell differentiation.
Mitochondria, like plastids/chloroplasts in plant cells, are thought to be endosymbiotic organelles, i.e., organelles that have their own genomic DNA [1] . In humans, mitochondrial DNA (mtDNA) encodes 13 polypeptide subunits essential for the process of oxidative phosphorylation, 22 transfer RNAs, and 2 ribosomal RNAs [2] . Mutations in mtDNA have been implicated in various diseases, including mitochondrial diseases, diabetes mellitus, and cancer [3] [4] [5] . The DNA of cytoplasmic organelles is inherited in a non-Mendelian manner. It is widely accepted that in the cells of most animals, mtDNA is inherited solely from the mitochondria of the oocyte from which the animal develops [6] [7] [8] . This pattern of inheritance is generally referred to as "uniparental inheritance," and in this case, specifically it is called "maternal inheritance." Some human mitochondrial diseases caused by mtDNA mutations are maternally inherited. Uniparental inheritance of mtDNA, as well as chloroplast DNA (cpDNA) or plastid DNA (ptDNA), is also observed in plants [7] .
In mammals, sperm-derived paternal mitochondria generally enter the oocyte cytoplasm after fertilization and temporarily co-exist in the zygote alongside an excess of maternal mitochondria. Nevertheless, the paternal mitochondria and their DNA are somehow eliminated and are never transmitted to offspring [8] . Two hypotheses have been proposed to explain the mechanism underlying the maternal inheritance of mtDNA. According to the "simple dilution model," the paternal mtDNA, which is present at a much lower copy number, is simply diluted away by the excess of oocyte mtDNA and consequently it is hardly detectable in the offspring [9] . On the other hand, in the "active degradation model," the paternal mtDNA or mitochondria themselves are thought to be selectively degraded, either before or after fertilization, to actively prevent the transmission of paternal mtDNA to the next generation. Recently, several lines of evidence supporting the latter model have been gathered in various animals. These results further suggest that different species seem to employ distinct mechanisms to prevent the inheritance of paternal mtDNA. In this review, we will discuss how and when the paternal mitochondria or their genomes are selectively eliminated.
Ubiquitin-mediated degradation of paternal mitochondria in mammals
In mammals, paternal mitochondria are tightly packed into the midpiece, the structure connecting the head and flagellar tail of the sperm (Fig. 1a) . In Chinese hamsters (Cricetulus griseus) that have unusually giant sperm, the sperm midpiece including the paternal mitochondria and the flagellar tail remain outside the egg and do not enter the oocyte cytoplasm after fertilization [10, 11] . This had been thought to explain the mechanism of maternal inheritance of mtDNA in mammals. However, in most mammals, including humans and mice, the paternal mitochondria and their mtDNA do enter the oocyte cytoplasm upon fertilization [12] [13] [14] [15] [16] [17] . Nevertheless, the strict maternal inheritance of mtDNA in mice was confirmed by a highly sensitive PCR method [16] . On the other hand, it was reported that when a Mus musculus strain was subjected to interspecies mating with a Mus spretus strain, the paternal mtDNA persisted for 8-26 generations of successive backcrossing, suggesting the possibility that a very small amount of the paternal mtDNA could be transmitted to the next generation [9] . However, later work has demonstrated that such a transmission of the paternal mtDNA is limited to artificial interspecies hybrids and that mtDNA is strictly maternally inherited in intraspecies hybrids [16] . These results suggest a species-specific mechanism for the recognition and exclusion of paternal mtDNA. It was also suggested that there are some tissue-specific mechanisms for the recognition of paternal mitochondria or their DNA. were microinjected into pronucleus-stage embryos, their mtDNAs were not removed from zygotes efficiently [18] . How is the paternal mtDNA selectively eliminated from the oocyte cytoplasm in mammals? It was observed that the paternal mitochondria that penetrate the egg disappear during early embryogenesis, implying the degradation of the paternal mitochondria themselves [16, 19] . Sutovsky and colleagues further reported that, in the case of rhesus monkeys, cows, and mice, the paternal mitochondria in fertilized eggs are modified with ubiquitin and disappear between the 4-cell stage and 8-cell stage of preimplantation development (Fig. 1a ) [17, 20] . Ubiquitin signals were also detected on the sperm mitochondria in the male reproductive tract, suggesting that the sperm mitochondria are already tagged by ubiquitin for selective degradation well ahead of fertilization [17] . An inner mitochondrial membrane protein, prohibitin, has been identified as a potential target for the ubiquitination of sperm mitochondria [20] . It is quite reasonable that the ubiquitination of sperm mitochondria leads to their selective degradation, although this theory needs to be verified functionally. Interestingly, paternal mitochondria survive beyond the third embryonic cell division when bovine species are intercrossed, suggesting again that paternal mitochondria from different species are not eliminated efficiently [17] . However, this observation leads to the simple question of how such species-specific recognition of the paternal mitochondria is regulated if ubiquitination, which acts as the signal for degradation, is a highly conserved modification. In addition to ubiquitination, other mechanisms may exist for the recognition of paternal mitochondria from the same species.
After fertilization, ubiquitinated paternal mitochondria seem to be degraded by proteasomes and/or lysosomes. Proteasomal inhibitors such as MG132 or lactacystin block the elimination of paternal mitochondria from porcine egg cytoplasm [21] . On the other hand, the accumulation of a number of multivesicular bodies or lysosomal vacuoles around the midpiece and the paternal mitochondria was observed in fertilized golden hamster [14] and bovine [20] eggs. In addition, the treatment of bovine fertilized eggs with the lysosomotropic agent ammonium chloride caused the retardation of paternal mitochondrial degradation [20] . The degradation of the paternal mitochondria in mammals seems to be regulated by multiple degradation mechanisms.
Fertilization-triggered autophagy eliminates paternal mitochondria in Caenorhabditis elegans
C. elegans is an amenable system for the genetic analyses of internal fertilization and early embryogenesis. C. elegans has 2 sexes, the hermaphrodite sex, which can self-fertilize, and the male sex. When hermaphrodites are crossed with males, the male's sperm are preferentially used for fertilization. Unlike mammalian sperm, C. elegans sperm does not have a flagellum with the midpiece and tail structures. However, it contains 50-70 mitochondria with a characteristic granular morphology around the nucleus in the cell body (Fig. 1b ) [22] . The fate of sperm mitochondria in the fertilized embryos can be monitored by fluorescently labeling them with MitoTracker Red (MTR) or mitochondria-targeted GFP [23, 24] . In C. elegans, spermderived paternal mitochondria enter the oocyte cytoplasm together with the other sperm components upon fertilization. Then, the paternal mitochondria gradually disappear by the 16-cell stage and are hardly detectable in later-stage embryos. Recently, we and others found that this clearance of the paternal mitochondria in early embryos is mediated by autophagy (Fig. 1b) [23, 24] . Autophagy is a mechanism in which autophagosomal membranes sequester cytosolic components (proteins and organelles) and target their contents to lysosomes for degradation [25, 26] . It was also recently demonstrated that in somatic cells, autophagy mediates the selective degradation of mitochondria under certain conditions to maintain the quality or quantity of mitochondria (mitophagy) [27] . Immediately after fertilization, autophagosomes, visualized by LGG-1 and LGG-2 (the worm Atg8/LC3 homologs and markers of autophagosomes) staining, were found to form around the penetrated sperm components and to sequester the paternal mitochondria [23, 24] . Paternal mitochondria engulfed by autophagosomes were then delivered to lysosomes for degradation during early embryogenesis. When autophagy-related genes such as lgg-1 were knocked out or knocked down, paternal mitochondria and their genomes were found to persist in late-stage embryos and even in larvae. Thus, the autophagic degradation of paternal mitochondria is a mechanism for the prevention of paternal mtDNA inheritance [23, 24] .
In addition to paternal mitochondria, sperm-derived membranous organelles (MOs), which are specialized ER/Golgi-derived vesicles essential for sperm fertility [22] , are also removed by autophagy at the same time, suggesting that paternally derived organelles are generally eliminated from embryos by autophagy (Fig. 1b) [23, 24] . We propose to term this allogeneic (nonself) organelle autophagy as "allophagy" [28, 29] . Autophagosomes seem to distinguish the paternal mitochondria from the maternal mitochondria, which exist abundantly in the fertilized embryo, and engulf paternal mitochondria selectively [23, 24] . The induction of autophagy clearly depends upon fertilization. Interestingly, when the oocyte exhibits polyspermy in the spe-11 mutant or upon egg-4/5 RNAi treatment, autophagosomes are induced around both of the paternal pronuclei [23, 24] . These observations suggest that the entry of sperm components into the ooplasm triggers the localized induction of allophagy.
In mammals, the ubiquitination of paternal mitochondria is observed during spermatogenesis and after fertilization [17, 20, 21] . Ubiquitination is now known to be the sorting signal for selective autophagy, which includes mitophagy [26] . However, unlike in mammals, no obvious ubiquitination is detectable on paternal mitochondria before or after fertilization in C. elegans [23, 24] . It is however still possible that low-level ubiquitination takes place on the paternal mitochondria. On the other hand, MOs are ubiquitinated prior to fertilization and re-ubiquitinated after their entry in the cytoplasm of oocyte, implying that this ubiquitination may target MOs for autophagic degradation [23, 24] . Interestingly, this ubiquitination contains both lysine 48-and lysine 63-linked polyubiquitin chains. Autophagosomes appear to be able to engulf paternal mitochondria independently of MOs, implying that paternal mitochondria are recognized independently of the ubiquitination on MOs [23] . The mechanism for the recognition of paternal mitochondria is not known. In addition to autophagy, the ubiquitin-proteasome system may also be involved in the degradation of paternal organelles. It has been reported that RNAi-based knockdown of some proteasomal subunits results in the defective elimination of paternal mtDNA from embryos [30] . Localization of the 19S regulatory subunit of proteasomes around MOs has been observed both in sperm and fertilized embryos [24] . It has not yet been examined whether autophagy is involved in the clearance of paternal mitochondria in other organisms. Interestingly, similar to C. elegans, autophagy is induced shortly after fertilization in mouse one-cell stage embryos but was proposed to play a role in maternal inherited component degradation [31] . Autophagy-related components (LC3, p62, GABARAP) were observed around the midpiece with the paternal mitochondria in fertilized mouse eggs, prior to pronuclei formation [24] . Hence, autophagy may be involved in the elimination of the paternal mitochondria in mammals as well.
4. Degradation of paternal mtDNA before the destruction of the mitochondrial structure
The maternal inheritance of mtDNA has been observed in fish and in insects. In a small fish, Oryzias latipes, the elimination of the paternal mtDNA from the egg cytoplasm is achieved through 2 steps (Fig. 1c ) [32] . First, the number of paternal mtDNA nucleoids (structures containing DNA and associated proteins) gradually decreases during spermatogenesis. About 50 mtDNA nucleoids exist in the cytoplasm at the stage of round spermatid, but the number of mtDNA nucleoids decreases to about 10 in mature sperm. After fertilization, the complete digestion of paternal mtDNA takes place before the destruction of the paternal mitochondrial structure. When sperm are microinjected into oocytes and extracted from the fertilized egg using optical tweezers, the paternal mitochondria appear to maintain their morphology even though the DNA in these mitochondria is no longer detectable. These observations suggest that the active digestion of the paternal mtDNA in the mitochondria is a mechanism to avoid the transmission of sperm-derived mtDNA to the offspring. The nuclease responsible for this digestion has not yet been identified.
In Drosophila melanogaster, mtDNA is maternally inherited as well [33] . Recently, the fate of paternal mtDNA in D. melanogaster was analyzed in detail [34] . Spermatids undergo a physical transformation as they mature during spermatogenesis. In spermatids at the onion stage, mtDNA is detected in the nebenkern, a spherical aggregation of mitochondria. During spermatid tail formation, mitochondria in the nebenkern fuse with each other to form 2 long mitochondria (over 1800 µm) that elongate next to the extending microtubular axoneme. Many mtDNA nucleoids are first detected in the elongating mitochondria, but they gradually disappear from the basal nuclear end to the apical end of the tail during the late elongation stage. Paternal mtDNA seems to be almost completely degraded in mature sperm. Endonuclease G (EndoG) is likely to be one of the key enzymes responsible for the degradation of mtDNA during sperm elongation. In the EndoG mutant fly, the degradation of mtDNA nucleoids in the apical tail is significantly delayed. Interestingly, there is a second mechanism to remove mtDNA from mature sperm. During spermatid individualization, actin-containing structures called investment cones move along the axoneme and sweep extraneous cytoplasm into a waste bag. Even in EndoG mutants, the remaining mtDNA nucleoids are accumulated in the waste bag by the investment cones and eliminated from mature sperm. These elaborate mechanisms for the elimination of paternal mtDNA during spermatogenesis ensure that paternal mtDNA is not transmitted to the offspring (Fig. 1d) .
Uniparental inheritance of mtDNA is also observed in the true slime mold, Physarum polycephalum, the gametes of which are of uniform size [35] . In this organism, a haploid myxamoeba has more than 13 mating types and mates between different mating types to form diploid zygotes. In 39 of 60 crosses among these haploids, uniparental inheritance of mtDNA was confirmed [36] . In such zygotes, mtDNA nucleoids in mitochondria from only 1 parent are selectively degraded about 3 h after cell fusion (Fig. 1e) . The mitochondrial structures that lose their mtDNA are finally eliminated from the zygote cytoplasm 60 h after mating, by an unknown mechanism [36] . Two kinds of nuclease activities, Mn 2+ -dependent and Ca 2+ -dependent nucleases, have been identified as candidates for the selective digestion of mtDNA in zygotes, although these nucleases have not yet been identified molecularly [37] . Interestingly, the biparental inheritance of mtDNA was observed in zygotes that resulted from 21 of the 60 crosses and correlated with a reduction of mtDNA clearance efficiency in half of the mitochondrial structure [36] . Nuclease-dependent mtDNA digestion mechanisms for the uniparental inheritance of mtDNA might have evolved from such unicellular organisms.
Uniparental inheritance of cytoplasmic DNA in plants
It is thought that mtDNA is predominantly maternally inherited in higher plants [38] . One known exception is the coast redwood Sequoia sempervirens, in which mtDNA and cpDNA are paternally inherited [39] . As for ptDNA/cpDNA, a variety of patterns of inheritance are known. For example, cpDNA is maternally inherited in the four-o'clock plant (Mirabilis jalapa) [40] . In the geranium plant (Pelargonium zonale), cpDNA is inherited maternally, paternally or biparentally [41] . When zygotes receive cpDNA from both parents, cpDNAs from each parent are rapidly segregated following cell division, resulting in the mature plant inheriting clonal sectors of cells that are homoplastic for only 1 type of cpDNA.
In the unicellular green alga Chlamydomonas reinhardtii, cpDNA and mtDNA are inherited from mating-type plus (mt + ) and matingtype minus (mt − ) gametes, respectively [42, 43] . Within 1 h of mating between these gametes, cpDNA in mt − chloroplasts is selectively degraded in zygotes [44, 45] [46] . After mating, the MDN activity seems to be preferentially imported in the mt − chloroplasts of zygotes. The selective import of MDN into mt − chloroplasts could be the mechanism for the selective digestion of mt − cpDNA. At the same time, the selective methylation of cpDNA may also contribute to its uniparental inheritance. It has been reported that the mt + cpDNA is highly methylated [44] . A DNA methyltransferase DMT-1, which is specifically expressed in mt + gametes and is targeted to chloroplasts, was identified [47] . Overexpression of DMT-1 in mt − gametes or treatment of mt + gametes with methylation inhibitors increases the frequency of biparental and mt − inheritance of cpDNA [48, 49] . The methylation might protect mt + cpDNA from digestion [44] or affect the relative rates of cpDNA replication in germinating zygotes [48] . On the other hand, other groups have reported that selective methylation of cpDNA is not necessarily correlated with uniparental inheritance of cpDNA [50, 51] . The significance of selective methylation in uniparental inheritance of cpDNA is still controversial. In contrast to the rapid digestion of cpDNA, mtDNAs from both parents persist in young zygotes. After the induction of meiosis by light, mt + mtDNA is selectively eliminated from zygotes, and only mt − mtDNA is inherited [49, 52] . These observations suggest that uniparental inheritance of mtDNA is controlled differently from that of cpDNA in C. reinhardtii. The mechanism of selective mtDNA elimination in the zygote is unknown. Recently, Nishimura et al. have identified C. reinhardtii mutants that showed a defect in the uniparental inheritance of both cpDNA and mtDNA [53] . This mutant phenotype is complemented by the simultaneous introduction of gamete-specific plus-1 (GSP1), the homeoprotein gene, and inositol monophosphatase like-1 (INM1), suggesting that zygote-specific gene expression and inositol metabolism are required for the uniparental inheritance of cpDNA and mtDNA. In angiosperm species, such as Arabidopsis thaliana, both mtDNA and ptDNA are maternally inherited [54, 55] . In A. thaliana, the active degradation of paternal mtDNA and ptDNA takes place during pollen development [56] . Mature pollen consists of a single vegetative cell and 2 sperm cells that are generated by meiosis. The content of mtDNA and cpDNA gradually decreases during meiosis, and these DNAs are no longer detectable in mature pollen. Recently, dpd (defective in pollen organelle DNA degradation) mutants have been identified, in which organellar DNA persists even in mature pollen [57] . The wild-type DPD1 encodes a pollen-specific Mg 2+ -dependent exonuclease, which is transported into both chloroplasts and mitochondria, suggesting a direct role for this exonuclease in the degradation of mtDNA and ptDNA. Strikingly, even in the dpd1 mutant, paternal ptDNA and mtDNA are never transmitted to the offspring, suggesting an additional DPD1-independent mechanism for ensuring the maternal transmission of ptDNA and mtDNA. Plastids are found only in pollen vegetative cells and not in pollen sperm cells, suggesting a mechanism that excludes the paternal plastids from sperm cells that contribute to fertilization of eggs [58, 59] . By contrast, the paternal mitochondria enter the sperm cells and are transmitted into both egg and central cells upon double-fertilization [59, 60] . Importantly, fluorescently-labeled paternal mitochondria in egg and central cells gradually disappear and become barely detectable within 5 h after fertilization [60] . One possible explanation for this is that the paternal mitochondria are further degraded by other mechanisms such as autophagy after fertilization. This may explain why mtDNA in the sperm cells of the dpd1 mutant finally disappears after fertilization.
6. Doubly uniparental inheritance of mtDNA in mussels An exception to the simple uniparental inheritance of mtDNA is seen in Mytilus edulis (blue mussel) and other marine and freshwater mussels [61] [62] [63] . In these species, females are homoplasmic for the maternal F-type mtDNA. In contrast, males carry maternal F-type mtDNA predominantly in somatic cells but paternal M-type mtDNA in their gonads. Through the sperm, the M-type mtDNA is inherited only by the male progeny. This pattern of mtDNA inheritance is called doubly uniparental inheritance. Although it is not fully understood how paternal mtDNA dominates in the male gonad, an interesting observation was made in M. edulis [64] . In early female embryos, spermderived mitochondria are dispersed and randomly transmitted to blastomeres. In contrast, in early male embryos, sperm-derived mitochondria are aggregated and delivered together to 1 blastomere, implying a mechanism by which paternal mitochondria and their mtDNA are selectively accumulated in the primordial germ cell.
Perspectives
Uniparental inheritance of mtDNA is observed in many sexually reproducing species. However, it may be accomplished by various different strategies in different species. Possible mechanisms are listed as below: 1) decrease in the content of mtDNA during spermatogenesis 2) elimination of mtDNA from mature spermatozoa 3) prevention of sperm mitochondria from entering the oocyte 4) active degradation of the paternal mtDNA in the zygote 5) selective degradation of the whole paternal mitochondria in the zygote.
These mechanisms can also be used in combination. The digestion of paternal mtDNA in sperm is an efficient method to prevent its transmission to zygotes. However, even in the plant mutant that fails to digest sperm mtDNA, paternal mtDNA is not inherited by the next generation. Because paternal mitochondria seem to disappear eventually from zygotes in many species, the degradation of whole paternal mitochondria could serve as a backup system in such mutants. Selective digestion of paternal mtDNA before the degradation of whole mitochondria in zygotes may also prevent the mixing of parental mtDNA through fusion of maternal and paternal mitochondria. The molecular mechanisms responsible for these processes should be addressed further.
The molecular mechanisms underlying the degradation of the whole paternal mitochondria in zygotes have begun to be clarified. In C. elegans, autophagosomes induced upon fertilization sequester the paternal mitochondria and target them for lysosomal degradation in early embryos [23, 24] . Given that mitochondria are membranebound structures, the degradation of the whole structure by autophagy would be a very efficient system. Whether autophagy is involved in the elimination of paternal mitochondria in other species is an interesting question to be studied. However, it remains unknown how the paternal mitochondria are selectively recognized by autophagosomes. Ubiquitination might be involved as in the case of mitophagy in somatic cells and in other instances of selective autophagy [26] . We cannot as yet exclude the possibility that the ubiquitination of MOs indirectly contributes to the engulfment of the paternal mitochondria present in the vicinity of MOs. It is also possible that a different type of "eat me" signal leads to the degradation of paternal mitochondria in C. elegans. It is intriguing that paternal mitochondria have an atypical granular morphology during spermatogenesis and paternal mitochondria seem to be proliferation-and fusion-inactive in embryos [23] . Sperm mitochondria may be programmed not to proliferate further and may already be destined for rapid degradation in embryos. In addition to autophagy, the ubiquitin-proteasome pathway may have a role in the degradation of paternal organelles. In mammals, paternal mitochondria are modified by ubiquitin, and both proteasomal and lysosomal pathways have been suggested to contribute either directly or indirectly to the degradation of paternal mitochondria [17, 20, 21] . It is also possible that these 2 pathways cooperatively degrade the paternal mitochondria, as in the case of the clearance of artificially damaged mitochondria in somatic cells [65] . It is noteworthy that paternal mtDNA is not eliminated efficiently in interspecies hybrids, implying a species-specific mechanism for paternal mitochondria recognition [16, 17] . Further studies are necessary to understand how the paternal mitochondria are selectively recognized and degraded in zygotes.
Although the maternal inheritance of mtDNA is conserved in many species, it is not understood why paternal mitochondria and mtDNA should be eliminated from zygotes. One possible explanation is that paternal mitochondria and/or mtDNA are removed because they could be heavily damaged by reactive oxygen species produced during spermatogenesis and the long swim of the sperm. However, this does not explain why mtDNA is uniparentally inherited in isogamous organisms and why paternal mtDNA is preferentially inherited by the male progeny in mussels [35, 43, 63] . Because mtDNA has a high mutation rate in general, uniparental inheritance may be a mechanism to prevent the spread of potentially deleterious mtDNA in the whole population. It seems that the leakage of paternal mtDNA dose not cause severe abnormalities at least in the short term because the mouse interspecies hybrid and the Chlamydomonas GSP1 INM1 mutant inherit paternal mtDNA but are still viable. Another possibility is that the heteroplasmic state of mtDNA may have some unfavorable effects on survival or evolution in the long term. A high mutation rate of mtDNA also increases the probability of mtDNA heteroplasmy in individuals. However, it is known that mtDNA tends to return to a homoplasmic state through the mitochondrial bottleneck process [66] [67] [68] [69] . Even in geranium, which shows biparental inheritance of cpDNA, paternal and maternal cpDNAs are segregated, and each cell is homoplasmic for either type of cpDNA [41] . These observations suggest that homoplasmy of cytoplasmic DNA is preferred at the cellular and individual levels. Recently, it has been reported that the artificial heteroplasmic-state of 2 wild-type mtDNAs in mice results in reduced activity, low metabolic rate, and impaired cognition compared to their homoplasmic counterparts [70] . Uniparental inheritance could be a mechanism to maintain the homoplasmy of cytoplasmic DNA.
